The decay, H → bb, is dominant for a Standard Model Higgs boson in the mass range just above the exclusion limit of 114.4 GeV/c 2 reported by the LEP experiments. Unfortunately, an overwhelming abundance of bb events arising from more mundane sources, together with the lack of precision inherent in the reconstruction of the Higgs mass, renders this decay mode a priori undetectable in the case of direct Higgs production at the LHC. It is therefore of no small interest to investigate whether H → bb can be observed in those cases where the Higgs is produced in association with other massive particles. In this note, the results of a study of Higgs bosons produced in association with top quarks and decaying via H → bb are presented. The study was performed as realistically as possible by employing a full and detailed Monte Carlo simulation of the CMS detector followed by the application of trigger and reconstruction algorithms that were developed for use with real data. Important systematic effects resulting from such sources as the uncertainties in the jet energy scale and the estimated rates for correctly tagging b jets or mistagging non-b jets have been taken into account. The impact of large theoretical uncertainties in the cross sections for tt plus N jets processes due to an absence of next-to-leading order calculations is also considered.
Introduction
The dominant decay mode of the Standard Model Higgs boson is H → bb in the mass range above the LEP exclusion limit of m H ∼ 114.4 GeV/c 2 up to m H ∼ 135 GeV/c 2 . Direct
Higgs production is impossible to detect via this decay as a result of the combination of an overwhelming QCD cross section for continuum bb production and the inherent imprecision of the Higgs mass reconstruction. While the latter is still true in the case of Higgs production in association with other massive states, such as a tt or bb pair, such channels do entail substantially lower backgrounds. The top quark decays almost exclusively to Wb in the Standard Model. As a result, ttH events in which the Higgs decays to bottom quarks contain four b quarks in the final state. The events can be further characterized by three salient topologies that are determined by whether or not the two W bosons decay hadronically or leptonically. Thus, in addition to the b jets, ∼46% of these events contain four hadronic jets (the 'all-hadron' channel), while ∼29% have two hadronic jets as well as a typically isolated electron or muon and missing E t (the semi-leptonic channel) and ∼5% contain two oppositely charged leptons (each of which can be an electron or muon) and missing E t (the di-lepton channel). The remaining ∼20% of events correspond to those cases in which one or both of the W bosons decay to a tau lepton and neutrino and are not easily distinguished as such, as a result of the rich decay repertoire of the tau meson. In fact, these events do contribute in small part to the three other classes of events in typical analyses.
Additional hadronic jets appear in these events and originate from initial and final state QCD radiation (IFSR). The variety and complexity of these events, and particularly the appearance of such a large number of high-energy jets and/or leptons, requires one to rely upon, and fully exploit, the performance of all components of the CMS detector. The tracking system is of particular importance, since the detection of b-jets is crucial to the identification and reconstruction of these events.
In this note, we present results of studies performed on Monte Carlo data samples for which the CMS detector has been fully simulated. Every attempt has been made to process the data as would be the case for real data acquired in proton-proton collisions at a centre of mass energy of 14 TeV. Thus, online triggers have been simulated, and all of the standard offline reconstruction algorithms as they currently exist have been employed in the processing of the data. This emphasis on realism has several important consequences and by-products. Firstly, the analyses are substantially more complicated than studies involving more simple approaches involving parametric detector modelling. This has the advantage of providing a more true picture of the complexity of the events under study, highlighting some of the limitations that might otherwise be overlooked. On the other hand, because these studies are undertaken at a time when no real data are available, it is also not possible to take advantage of the most important tools in the arsenal available to high-energy hadron collider experimentalists: the multitude of control samples resulting from the broadband nature of hadron collider physics.
The note has the following overall structure. Section 2 provides a brief overview of the CMS apparatus. In section 3, the event generation and simulation of signal and background samples are described. Event triggering is discussed in section 4. Section 5 details how the various signature objects (leptons, jets, b jets and missing E T ) of the final state are reconstructed, while a detailed description of the event selection for each of the main event topologies and the attempt to reconstruct the invariant Higgs mass for some of the channels is given in section 6. A brief calculation of expected selection efficiencies is presented in section 7. Effects of systematic uncertainties are discussed in section 8. Section 9 provides a summary of conclusions and future prospects. All results are for an integrated luminosity of 60 fb −1 . (This figure is in colour only in the electronic version)
The CMS detector [1]
A schematic drawing of CMS is shown in figure 1 . The total weight of the apparatus is 12 500 tons. The detector is cylindrical in shape with length and diameter of 21.6 m and 14.6 m, respectively. The overall size is set by the muon tracking system which in turn makes use of the return flux of a 13 m long, 5.9 m diameter, 4 T superconducting solenoid. This high field facilitates the construction of a compact interior tracking system and good exterior muon tracking. The return field saturates 1.5 m of iron into which are interleaved four muon tracking stations. In the central region (pseudorapidity range |η| < 1.2), the neutron-induced background, the muon rate and the residual magnetic fields are all relatively small, while in the forward regions (1.2 < |η| < 2.4) all three quantities are relatively high. As a result, drift tube (DT) chambers and cathode strip chambers (CSC) are used for muon tracking in the central and forward regions, respectively. Resistive plate chambers (RPC) with fast response and good time resolution but coarser position resolution are used in both regions for timing and redundancy. The solenoid is large enough to house the inner tracker and the calorimetry. The sensing elements of the EM calorimeter (ECAL) are PbWO4 (lead tungstenate) crystals. The crystals can tolerate a radiation dose of 10 Mrad and have short radiation (X o = 0.89 cm) and Moliere (2.2 cm) lengths which are ideal for the design of a compact calorimeter with fine granularity. They are also fast, emitting 80% of all scintillation light within the 25 ns spacing between proton bunch crossings at the LHC. The crystals and the avalanche photodiodes used to detect the signal require a temperature stability of 0.1
• C to take full advantage of the excellent inherent energy resolution of the crystals. A preshower system is installed in front of the endcap ECAL to help detect π o → γ γ . The CMS central hadronic calorimeter (HCAL) is also inside the magnet coil. The absorber material is brass. A fraction of high-energy hadronic showers extend beyond the HCAL and are retrieved by a layer of scintillators that line the outside of the coil. The active elements consist of plastic scintillator tiles with embedded wavelength-shifting fibres. The HCAL has almost no uninstrumented cracks or dead areas in pseudorapidity. The endcap hadron calorimeter uses the same technology and covers the pseudorapidity region 1.3 < |η| < 3 while the region 3 < |η| < 5 is covered by the iron and quartz-fibre hadron forward calorimeter. Cerenkov light emitted in the quartz fibres is detected by fast photomultipliers. The HF technology is ideal for the dense jet environment typical of this region as it leads to narrower and shorter hadronic showers. Calorimeter coverage to |η| < 5 is useful for reducing the uncertainty on missing transverse energy.
The CMS tracker occupies a cylindrical volume of length 5.8 m and diameter 2.6 m. The outer portion of the tracker is comprised of ten layers of silicon microstrip detectors and the inner portion is made up of three layers of silicon pixels. Silicon provides fine granularity and precision in all regions for efficient and pure track reconstruction even in the very dense track environment of high-energy jets. The three layers of silicon pixel detectors at radii of 4, 7 and 11 cm provide 3D space points that are used to seed the formation of tracks by the pattern recognition. The 3D points also enable measurement of the impact parameters of charged-particle tracks with a precision of order 20 m in both the r-and r-z views. The latter allows for precise reconstruction of displaced vertices to yield efficient b-tagging and good separation between heavy and light quark jets.
In regard to performance, the CMS experiment is designed for
• good muon and other particle tracking with good momentum resolution over a wide range of momenta in |η| < 2.5; • relatively high efficiency heavy flavour and τ jet tagging with low rates for tagging light quark jets; • very good e and µ energy resolution in the region |η| < 2.5 and good separation of γ 's and e's from π 's; • the ability to determine the direction of photons and/or identify the relevant primary interaction vertex; • good missing transverse energy and dijet mass resolution with fine lateral segmentation ( η × φ < 0.1 × 0.1) in HCAL.
Event generation and simulation
Because the identification of signal relies upon the presence of top quark decay products, one expects that the most significant backgrounds should be those associated with tt events themselves. Indeed, the main backgrounds turn out to be ttjj, ttbb and ttZ with Z → bb. These processes are studied in detail and are presented in this note. Secondary background sources include non-tt QCD multijet events in the case of the all-hadron channel, and W/Z+jets or diboson+jets events in the case of the semi-leptonic and di-lepton channels. With the exception of QCD multijets, these processes have substantially lower production cross sections than tt but similar topologies. Indeed, calculations (section 7 and [3, 4] ) show that these backgrounds are negligible and so they are not considered further.
For the generation of the ttH signal and the irreducible ttbb background, CompHEP [6] was used in combination with PYTHIA [7] . Though a leading order Monte Carlo, PYTHIA is known to do a very good job of reproducing IFSR and parton shower effects. For the tt plus jets backgrounds, greater care must be exercised. PYTHIA alone cannot be expected to do a realistic job since the relevant processes are not leading order. On the other hand, there is currently no full next-to-leading order (NLO) MC for tt plus jets. Estimation of the k-factors for tt plus jets is also not possible at present. As a result, one uses higher order matrix elements that include additional radiated partons in conjunction with the parton showering of PYTHIA to produce the appropriate event topologies. This is not trivial because the soft QCD effects represented by the PYTHIA parton shower program are not completely distinct from the higher order perturbative diagrams. While there are jet energies for which the two are clearly distinct, they nevertheless represent two extremes in a continuum and so one is forced to artificially place a boundary between them. This is facilitated by a process of matching final jets to initial partons. For the present study, ALPGEN and PYTHIA are used for their matrix elements and parton showering, respectively, in order to produce more realistic tt plus n jets backgrounds. Matching is done in ALPGEN as discussed in [9] . In particular, all of the matrix elements for tt plus n additional hard partons are included and properly combined at each order, taking into account interference between amplitudes. These are interfaced to PYTHIA which then proceeds to generate parton showers and IFSR. The final generated event is then checked to see if the number of hard jets in the final state is in fact n for the case of production of exclusive samples of events with n additional partons. Events with more than n hard partons can occur as a result of the high-energy extremes of the parton shower program in PYTHIA. A comparison between CompHEP and ALPGEN for tt plus jets samples can be found in [2, 4] . QCD background events were generated with PYTHIA in thep t ranges from 120 to 170 GeV/c and greater than 170 GeV/c. A noteworthy caveat here is the fact that in the absence of data, one cannot evaluate the accuracy of PYTHIA QCD multijet production at LHC energy scales. The QCD event samples used in the present study are therefore unlikely to match real data in all details. When real data become available, it will be possible to tune MC QCD generation to obtain a better correspondence between MC and data.
The signal cross sections calculated at NLO for different Higgs mass hypotheses are listed in table 1 together with the corresponding branching ratios for H → bb [8] . Leading order cross sections of background processes together with the effective cross sections after generator-level filters [2] are listed in tables 2 and 3.
The interaction of final state particles with the CMS apparatus was obtained using the CMS detector simulation program which is based upon a full GEANT simulation of the CMS detector. The detector response was digitized after the inclusion of pile-up events (protonproton collisions per bunch crossing that occur in addition to the hard scattering process of interest).
Online trigger selections
It is assumed in what follows that events will be recorded by the CMS data acquisition after they have been accepted by the level-1 (L1) and high-level triggers (HLT) which are described in [10] . For the analyses described here, the cleaner signature of at least one isolated lepton in the final state is exploited whenever possible. The semi-leptonic channels thus require a single muon or single electron trigger, with transverse momentum (p t ) threshold of 19 GeV/c or 26 GeV/c, respectively. A logical OR of the single muon, single electron and single tau triggers is used by the di-lepton channel. Here, the same trigger setups as for the single-lepton streams were used, except that the p T thresholds were lowered to a common threshold of 15 GeV/c to permit unbiased selection of 20 GeV/c leptons later in the offline analysis.
When there is no lepton, jet triggers are used to select all-hadron events. In particular, single-jet, three-jet and four-jet triggers are combined, using low luminosity E t thresholds [10] of 572, 195 and 80 GeV, respectively.
The resulting efficiencies for the ttH signal samples are 63% for the single muon stream, 52% for the single electron stream, 76% for the di-lepton channel and 25% for the all-hadron channel. Note that as a result of the relatively small branching fraction of the di-lepton channel, it is important not to neglect the contribution to this sample that arises from singlelepton events in which a jet is misidentified as a second lepton. The converse situation, in which a lepton from a di-lepton event is misidentified as a jet, need not be taken into account since it has negligible effect on the single-lepton samples. Thus, with the exception of the di-lepton channel, the efficiencies presented above refer to exclusive samples that contain the appropriate types of W boson decays. The di-lepton efficiency is obtained for a sample in which either one or two leptonic decays are present. Inefficiencies in the lepton triggers are mainly the result of the threshold on the transverse momentum and the finite detector acceptance in pseudorapidity. Indeed, leptons within the detector acceptance are triggered with more than 90% efficiency [11] .
The selection efficiencies for tt + jets background events are obtained from fully inclusive samples and are between 11% and 14% for the single-lepton channels and around 60% for the di-lepton channels. A detailed breakdown of these trigger efficiencies can be found in [2] .
Reconstruction

Lepton reconstruction
The process of muon reconstruction begins in the muon chambers and is then extended to the tracking system, as described in [14] . For the studies presented here, additional selection criteria are applied to help distinguish muons coming from real W decays, (which will be referred to as signal muons), from those coming from other sources such as virtual W's appearing in heavy flavour decays or fake muons resulting from hadrons that are mistakenly identified as muons (which will be referred to as background muons).
To distinguish between the two classes of muon candidates, probability density functions (PDF) are constructed for a variety of observables associated with muons. The values of these observables differ statistically to varying degrees for the two muon types as measured in Monte Carlo data where a reconstructed true muon is identified to have originated from a W boson decay when the separation, R ≡ ( φ) 2 + ( η) 2 in azimuth (φ) and pseudorapidity (η) space, satisfies R < 0.01. The observables that are employed are • calorimeter isolation, • track impact parameter significance (defined as the impact parameter divided by its uncertainty).
Track isolation measures the sum of transverse momenta of tracks in a cone around the muon candidate. A smaller value corresponds to a larger degree of muon isolation. Calorimeter isolation is completely analogous to track isolation and is based upon the energy collected in the electromagnetic and hadronic calorimeters in a cone around the muon candidate.
Electrons are treated in a very similar manner to that described above for muons except that additional observables are utilized. These include the ratio of the associated calorimeter energy to the track momentum and the ratio between the hadronic and electromagnetic energies associated with the track. Details regarding the calculation of the lepton likelihoods can be found in [2, 5] .
The PDFs for both electrons and muons are obtained for a sample of ttH events with m H = 120 GeV/c 2 in which one of the W bosons decays to a muon and neutrino and the other decays hadronically. In these samples, a signal lepton efficiency of 90% corresponds to selection of only 1% of background muons (figure 2, left) and ∼3.7% of background electrons (figure 2, right).
Jet and missing transverse energy reconstruction
Jets are reconstructed using an iterative cone algorithm applied to calorimeter data. A cone size of R = 0.5 is used when at least one W boson decays leptonically, while a smaller cone size was found to be better suited to the more dense jet environments associated with the all-hadron channel. A tower energy threshold of 0.8 GeV and a transverse-energy threshold of 0.5 GeV are used. Calorimeter towers that exceed 1 GeV are potential jet seeds. For the leptonic channels, the jet energy scale is obtained using calibrations obtained with Monte Carlo events [16] .
The single-lepton analyses, as described in more detail below, make use of an event likelihood to help to isolate the H → bb decay and subsequently calculate a bb invariant mass to associate with the Higgs. This is facilitated, in part, by taking advantage of the various invariant mass constraints associated with top quark decays. The corresponding likelihoods thus rely upon the resolutions that are obtained for the invariant masses of the hadronically decaying W boson and the two top quarks. To evaluate these resolutions, the invariant mass distributions for the hadronically decaying W bosons, the hadronically decaying top quarks and the leptonically decaying top quarks are reconstructed using jet matching to generatorlevel parton information. A reconstructed jet is considered to be matched to the corresponding parton if their separation, R j -p , is less than 0.3. The relevant mass distributions are shown in figure 3 . The missing transverse energy of the event E miss t is computed as [13] 
where the index i runs over the calorimeter towers, j runs over raw jets, k runs over calibrated jets (the number of calibrated jets is the same as the number of raw jets) and m runs over the reconstructed muons of the event. Equation (1) thus takes into account the corrections due to jet calibrations and the contributions of muons which deposit minimal energy in the calorimeter system. The distribution of the reconstructed missing transverse energy of semi-leptonic ttH events and the missing transverse-energy resolution are shown in figure 4 . In the case of the all-hadron channel, the choice of the jet reconstruction algorithm is an important step in the event selection optimization, because eight jets are present in the final state. For this reason, an optimization is obtained by means of a simple prototype analysis.
In this prototype analysis, the iterative cone algorithm is employed, and cone sizes ranging from 0.35 to 0.50 are considered. A simple analysis of events is then performed to extract a significance and signal-to-background ratio for each of a variety of cone sizes in order to obtain a relative comparison of their Higgs discovery potential.
The result of this analysis is that in the case of the all-hadron channel a cone size of 0.4 is the best choice. Details about this study are given in [2, 18] .
b-Tagging
The identification of jets from b-quarks is performed using a combined secondary vertex tagging algorithm that uses track and secondary vertex properties to calculate a discriminator value that allows discrimination of b-jets from non b-jets. A detailed description of the algorithm is available in [17] .
In the di-lepton and all-hadron ttH analyses, a fixed cut value for the b-tagging discriminator is applied and three or four jets are required to pass this cut in the di-lepton or all-hadron channels, respectively. The rates of misidentification of charm and light flavour jets as b-jets as a function of the b-tagging efficiency are shown in figure 5 for a tt plus jets sample. The efficiencies in the ttH signal sample are similar [2] to those for tt.
For the semi-leptonic channels, two dedicated improvements to the secondary vertex tagging algorithm have been introduced. The first is an improved secondary vertex finding algorithm: 'Tertiary Vertex Track Finder' [19] . This algorithm exploits the fact that a b-hadron decay chain contains not only secondary vertices but also tertiary vertices from charm decays and so implements an improved treatment of tracks from tertiary vertices. This is accomplished by searching along the line-of-flight of the b-hadron for additional tracks that are compatible with a cascade decay. These tracks allow a more complete reconstruction of the vertex to be obtained. The second improvement is the inclusion of a soft lepton tagging algorithm that exploits the presence of leptons in b-hadron decays [20] . Depending on the jet flavour and the b-tagging working point, the overall relative improvement in non-b-jet rejection efficiency reaches 25% as discussed in greater detail in [3, 4] .
In addition, the event selection and background suppression in the semi-leptonic channels is optimized via a likelihood ratio method. The likelihood ratio is constructed using the distributions of b-tagging discriminator values for the four jets with the highest discriminator values. In this way, the b-tagging information of these four jets is combined into a single discriminator L bTag which simplifies the identification of the optimal b-tagging working point by avoiding the need to adjust four b-tagging cuts simultaneously. Information about non-b- jets is also taken into account. The outcome is an improved overall performance relative to a fixed b-tagging discriminator cut applied to all jets.
Note that the ordered b-discriminator distributions of b-jets and non-b-jets were obtained for ttH events only. One might expect a further improvement in discrimination by also taking into consideration the ordered b-discriminator distributions in ttN j background events. These distributions were in fact studied and they were found to be very similar to those presented above and so do not contribute additional discriminating information. More details about this b-tagging method can be found in [3] .
Event selection and results
In this section, the event selections for the different channels under consideration are described. One can of course arrive at a set of cuts that optimizes the final significance of the signal over background for each channel independently. However, this approach is not ideal because it is important that the data samples are disjoint in order to be able to combine the results of all the ttH search channels. This is of substantial interest, particularly in the time prior to a Higgs discovery. The exclusivity of the data samples used by the various channels can be easily achieved by simply coordinating how the high p t signal electrons and muons from W's are either selected or vetoed by the different analyses. Thus, the di-lepton analysis requires at least two leptons satisfying the discriminator thresholds while the single-lepton channel requires one and only one, and the all-hadron channel requires there be none. Note that the discriminator values in this study were chosen to be those that optimize the signal-tobackground significance obtained for the single-lepton channels. This provides a reasonable optimization for the combined significance for all channels, because the single-lepton channel has a substantially larger branching fraction than the di-lepton channel while the all-hadron Figure 6 . Purity S/B (left plot) and significance S/ √ B (right plot) versus the cut on jet p t after an integrated luminosity of 60 fb −1 . A simple b-tagging discriminator cut is applied. The squares indicate the requirement of at least six jets, while the crosses and circles further incorporate a cut on the maximum number of jets that pass the p t cut. All relevant backgrounds (ttN j, ttbb and ttZ) are taken into account. channel is largely unaffected by variation of the discriminator values in the ranges that optimize the other channels. Detailed information regarding the selection criteria can be found in [2] .
Semi-leptonic channel: ttH → bbbbqq µν µ and bbbbqq eν e
The strategy for selecting ttH events with one isolated muon or electron in the final state proceeds along the following three steps:
The preselection requires the trigger stream for a single muon or a single electron, an isolated lepton using the likelihood information described in section 5.1 and 6 or 7 jets in the pseudorapidity region |η| < 3.0 with a calibrated transverse energy larger than 20 GeV. The latter is motivated by figure 6, which shows the event selection efficiency in terms of purity S/B and significance S/ √ B as a function of the cut on the transverse momentum of jets. The figure also displays the dependence on the maximum number of jets required (any number, seven or eight), for the ttH signal and all relevant backgrounds. An increased p t threshold leads to a decrease in the number of jets passing the preselection requirement of at least six jets. A lowered p t threshold, on the other hand, leads to more jets passing the p t cut and therefore to more rejected events due to the requirement of a maximum number of seven or eight jets. The ttH signal sample that has been used for these studies is an inclusive sample containing six jets plus additional jets from radiation. PYTHIA and CompHEP were used for signal generation because neither NLO nor ALPGEN ttH plus N jets samples are available at this time. It is known that PYTHIA's showering algorithm does not model extra jets very well, and in particular does not generate sufficiently many high-energy additional jets in events. It is therefore not adequate for the tt + N jets backgrounds because rare processes beyond N = 1 are those that will survive event selection requirements.
For the ttH signal the presence of two b-jets from the Higgs assures that additional jets are not key to event selection and so it is the lowest order processes (ttH with zero or one additional jet) that will dominate the final sample after event selection. Thus, the impact of a requirement of a maximum number of jets on the signal selection is expected to be realistically described for the ttH signal by PYTHIA for which the parton shower model produces an additional radiated jet with roughly the expected frequency and roughly the expected kinematic properties.
To retain exclusivity with the di-lepton channel, a double muon, double electron and muon-electron veto are applied.
In order to perform a complete reconstruction of the event, the longitudinal component of the neutrino momentum has to be computed from 4-momentum conservation for the W boson: m
2 . This equation gives two real solutions for p ν z in 66% of the cases, which are both evolved as a possible hypothesis during the subsequent jet pairing as described below. In the remaining 34%, the neutrino is taken to be collinear with the lepton: p ν z = p l z . The resolution of p ν z before and after the collinear approximation is shown in figure 7 . A small degradation in the longitudinal resolution is observed, but the reconstruction efficiency of the leptonic W boson decay is increased to 100%.
An important part of the analysis is the jet pairing. This is necessary in order to identify the two b-jets from the Higgs boson with the highest probability. Several strategies for assigning the jets to their originating partons have been developed. Among these are kinematic fits [2, 5, 15] and likelihood methods exploiting kinematic properties [4, 5] , mass resonances and angular distributions [3, 4] . All of these methods achieve comparable efficiencies for correct jet assignment near 30%. Thus, one obtains an invariant mass peak for the Higgs boson that is smeared by the jet-pairing inefficiencies and detector resolution effects.
After the jet assignment is complete, additional criteria are applied to further reject background. The variable with the largest impact in this domain is the b-tagging likelihood value described in section 5. physical backgrounds (ttZ, ttbb and ttN j) and the ttH signal stacked on top of each other. Due to the limited amount of available Monte Carlo statistics for the ttN j background and the large scale factors that have to be applied to the remaining events, the statistical fluctuations in figure 9 are large. The preselection and selection efficiencies, together with the corresponding numbers of expected events and signal significances, prior to consideration of systematic uncertainties, are reported in table 4 for the channel with a muon or an electron in the final state. The table presents results for two working points: a 'loose' working point, which optimizes S/ √ B, and a 'tight' working point, which optimizes the purity S/B.
Thus far, no mass window requirement has been used. If one applies the requirement m H < 150 GeV/c 2 , the purity can be increased by about 10%, while the significance does not change appreciably. This improvement is very minor because the shape of the Higgs mass peak shown on the left-hand side of figure 9 is very similar to the shape of the physical background. It is possible that the contribution of the signal can be better distinguished from background once real data are available and a refined understanding of the background shapes is achieved. Currently, however, the limited separation of signal from background shapes leads one to conclude that the search for ttH with H → bb has to be treated as a simple counting experiment, which then relies heavily upon ones knowledge of event rates and their corresponding systematic errors. The latter are evaluated in section 8. NLO calculations for tt plus two or more jets are not yet available and may not be available in time for early LHC operation. It will therefore be necessary to estimate all reducible backgrounds for this analysis from data. This will leave the irreducible backgrounds, such as ttbb, which will be a serious limitation to observation of Higgs in association with tt.
ttH → bbbbl ν lν
Di-lepton ttH events are selected by requiring two reconstructed leptons (e, µ) accompanied by significant missing transverse energy and at least four but no more than seven jets, of which at least three have been b-tagged by the combined secondary vertex b-tagging algorithm.
Lepton identification is performed using the electron and muon likelihoods described in section 5. Events with more than one identified lepton that are vetoed by the single-lepton analyses are precisely the events that are selected by the di-lepton analysis.
Missing transverse energy is corrected for jet calibration and muon momenta according to equation (1) , resulting in the distribution shown in figure 10 . At present, the di-lepton analysis is a counting experiment and no effort has been made to assign the missing transverse energy to the two neutrinos from the hard event. Jets are reconstructed using the iterative cone algorithm with a cone size of R = 0.5. The parameters and calibration used in the reconstruction follow the first of ten sets recommended in the CMS Physics Technical Design Report Volume II (PTDR II) [12] . The settings are detailed in [23] . A number of the other recommended settings were investigated and found to produce little variation in either the selection efficiencies or the 'best case' Higgs mass resolution (see figure 11 and associated caption).
As for the semi-leptonic electron channel, jets found in a R < 0.1 cone centred upon any selected electron are removed. This affects about 1% of all reconstructed 'jets' that are in actuality misidentified electrons.
The di-lepton ttH event selection criteria are the following:
• Two oppositely charged leptons (e, µ) passing discriminant thresholds: −Log(L µ ) < 1.4 for muons, −Log(L e ) < 1.2 for electrons.
• Four to seven jets with calibrated E T > 20 GeV and |η| < 2.5.
• Three or four selected jets b-tagged with discriminator D > 0.7.
As for the semi-leptonic and all-hadron channels, a tighter set of selection cuts has been applied. It consists of 4-6 jets with calibrated E T > 20 GeV and |η| < 2.5 and four jets passing the discriminator cut D > 0.7. Table 5 . Preselection efficiency pre , selection efficiency (including branching fraction where applicable), and respective numbers of expected events N pre and N in 60 fb −1 , for the di-lepton ttH channel. Also quoted are binomial errors arising from the finite sizes of processed datasets.
27 900 n/a n /a 0.511 ± 0.025 168 ± 8.0 ttH (m H = 120 GeV/c 2 )
26 100 n/a n /a 0 . 4 9 ± 0.025 132 ± 6.7 ttH (m H = 130 GeV/c 2 )
25 900 n/a n /a 0 . 4 All backgrounds 9090 Table 6 . Signal significance S/ √ B of di-lepton ttH channel. The efficiency of the above selection has been studied for signal with Higgs mass values m H = 115, 120 and 130 GeV/c 2 and for the dominant background processes. Signal samples were generated with the Higgs forced to decay to bb. In addition, W − was forced to decay leptonically (e, µ, τ ), but the W + is allowed to decay freely. Such a 'non-exclusive' dataset incurs a branching ratio of 1/3, which has been factored into the selection efficiencies reported in table 5. This choice of dataset allows one to take into account the important contributions to this channel from semi-leptonic top decays which are mis-reconstructed as di-lepton events, and from leptonic tau decays as well as hadronic tau decays which are mis-reconstructed as e, µ. Obviously, the sample generation avoids all-hadron events which would not survive the di-lepton selection criteria in general.
S/B S/
The contributions from the background processes, ttbb, ttNj and ttZ, are estimated from the samples described in section 3. The selection efficiencies for these processes are very small and so very large samples must be analysed. To make these samples more manageable, a loose preselection requiring at least 3 b-tags with discriminator D > 0.7 is applied before analysis.
Results.
The preselection and selection efficiencies, with the corresponding numbers of expected events as well as the signal significance, are reported in table 5. The number of expected events is computed for an integrated luminosity of 60 fb −1 . The significance of the di-lepton ttH analysis versus Higgs mass is summarized in figure 12 and the accompanying table 6.
Since event selection is quite simple for the di-lepton channel, it is possible to formulate equations predicting the selection efficiencies. This is detailed in [2] , where some back-ofthe-envelope calculations are performed to estimate efficiencies for signal and backgrounds. The calculations include some of the most important backgrounds that were not taken into account in this analysis and show that their yields are expected to be negligible compared to those backgrounds that were considered.
All-hadron channel: ttH → bbbbqq q q
The all-hadron channel must address events with eight or more jets. Jet reconstruction is thus of critical importance. In view of this, a dedicated study of jet reconstruction and calibration was performed for this channel and published in [18] . The study resulted in an advanced calibration that corrects the jet energies by using the generated primary partons as reference.
For the task of jet pairing, a χ 2 method using the invariant masses of top quarks and W bosons was employed in the all-hadron channel. The following χ 2 variable is calculated for each possible jet combination:
The expected mass values and their resolutions (σ ) are obtained by the same methodology as that employed in the semi-leptonic channel described earlier. The particular jet combination that yields the minimal χ 2 value is chosen for application of additional event selection criteria. To optimize the signal selection relative to background rejection, the following variety kinematical variables have been studied:
• Transverse energies of the jets.
• Combined b-tagging discriminator.
• Event centrality, defined as
• Higgs centrality, defined as above, but only for the two jets assigned to the Higgs boson.
The thresholds applied to these variables were varied in steps in order to map performance over a very broad range of configurations. As an illustrative example, figures 13-16 show how significance S/ √ B and purity S/B change upon varying one cut while keeping the other cuts fixed.
As for the other channels reported above, two sets of criteria were applied corresponding to 'loose' and 'tight' working points. The two sets differ mainly in the choice of the b-tagging discriminator threshold, since this has the largest influence on the suppression of light flavour backgrounds. The results are summarized in table 7. Figure 14 . The evolution of the purity and significance of the event selection as a function of the threshold on the 'combined' b-tagging discriminator for the jets with the 3rd and 4th highest discriminator values, respectively [2] .
Even though the loose working point gives a better result in terms of significance S/ √ B, the tight working point can be a better choice, once systematic errors are included.
Calculations of the expected selection efficiencies in the semi-leptonic channels
Compared to previous CMS studies [21, 22] , in which significances of more than 5 have been reached, the tt plus light flavour jets background has proven to be dramatically more dominant (by more than a factor of 3) in the present study. This is the key to understanding the differences between results reported here and previous results regarding the observability of this channel. As a cross check of the results obtained and reported in this note, a detailed analytic calculation of expected ttN j background rates to the single-lepton channel was performed. The calculation relies upon the b-tagging performance presented in section 5.3. A similar calculation for the di-lepton channel is reported in [2] .
In order to calculate expected event rates corresponding to various b-tagging efficiencies and mistagging rates, the jet composition of the event samples has to be decomposed into specific flavours. This is seen in table 8 which lists the distributions of the jet flavours for the various samples.
In the detailed calculations, the tagging rates and jet flavour compositions are combined to evaluate suppression factors as indicated below.
The i is the combinatorial factor for the number of ways i jets out of n b can be assigned independent Table 7 . Analysed events, selection efficiency, number of expected events and signal significance in 60 fb −1 for the all-hadron ttH channel for two working points loose and tight . Signal datasets are labelled by the generated Higgs mass in GeV/c 2 shown in parentheses. Also quoted are binomial errors arising from the finite sizes of processed datasets. The criteria applied for both working points are: E After including the mistagging probabilities, equation (4) gives the probability for b-tagging exactly n jets out of n b b-jets, n c charm jets and n l light flavour jets:
The fraction of jets of each type varies across samples so that the suppression factors must be calculated separately for each background sample. The suppression factor for tt2j is then
where pre tt2j
represents the preselection efficiency. The factor ε n=4 (2, 1, 3) corresponds to equation (5) with n b = 2, n c = 1 and n l = 3 which gives six jets in total. In the case of seven jets, n l = 4 is used. These numbers are motivated by the values in table 8. The factors 0.6 and 0.4 in equation (5) correspond to the fraction of events with six jets (60%) or seven jets (40%). A more detailed presentation of these calculations is available in [3] . This result is in good agreement with the observed value at the loose working point in table 4. Similarly, the calculated efficiencies for signal and the other backgrounds summarized in table 9 are in very good agreement with those obtained for the analyses of Monte Carlo data presented above. The excellent agreement that is found between the calculated and the measured Monte Carlo selection efficiencies provides an important cross check of the analysis.
Note that the ttN j background data samples used in the study presented here were generated with ALPGEN which predicts smaller cross sections than CompHEP. The resulting rates, for identical selection efficiencies, differ by roughly a factor of 2 between ALPGEN and CompHEP samples. This also helps to explain some of the discrepancies that are found between the present study and some previous studies that relied on CompHEP.
The most important difference with previous published studies in CMS, however, stems from the fact that a fast parametric simulation of the CMS tracker was used in earlier studies. As shown in [4] , the b-tagging performance obtained for the current version of the CMS fast simulation is not in good agreement with full simulation. The misidentification rate of light flavour jets in particular shows a difference of up to a factor of 5. This is significant since the tt plus light flavour background is the dominant contribution to the background in the present study. Moreover, as confirmed by other experiments such as the current Tevatron experiments, the light flavour misidentification rates are not easy to describe correctly with detector simulation programs.
Another difference with results from previous studies arises from the distribution of the jet flavours shown in table 8, where a substantial charm jet contamination is seen. These jets arise from gluon splitting as well as from W boson decays. Therefore, a tt2j background cannot be simply understood as consisting of b-and light flavour jets only. Rate calculations based on parameterized tagging must take these jets into account properly, as they were in the calculations presented in this section.
Systematic errors
In this section, the systematic uncertainties relevant to the present understanding of the expected performance of the CMS detector will be evaluated. The following sources of uncertainties are taken into account:
• Jet energy scale (JES).
• Jet energy resolution.
• b-jet and c-jet tagging and mistagging rates, respectively.
• Light flavour mistagging efficiencies.
• Luminosity.
It should be noted that there are other sources of systematic errors arising from such things as trigger efficiencies that are not taken into account. For the treatment of the jet energy scale and resolution, the procedure follows commonly agreed upon CMS prescriptions [23] . The uncertainty due to the JES is implemented by shifting the jet energies systematically up or down by a relative percentage. For jets having a transverse momentum p t > 50 GeV/c, the uncertainty is expected to be 3% because powerful calibration procedures such as the reconstructed mass of hadronic W boson decays in tt events [24] are relevant to this energy domain. In the low p t region down to 20 GeV/c, where the W boson mass calibration is not pertinent, the energy scale is to be set by the photon-jet balancing [25] resulting in a linear increase of the uncertainty from 3% to 10% with decreasing transverse energy. Below 20 GeV/c, only single particle calibration methods are possible with an accuracy of 10%. This leads to the following functional form of the JES uncertainty:
p t < 20 GeV/c 10% − 7% · (p t − 20 GeV/c)/30 GeV/c 20 GeV/c < p t < 50 GeV/c 3% p t > 50 GeV/c.
To study the effect of jet energy resolution, the jet energy is smeared by an overall 10% according to a Gaussian distribution. For the b-tagging systematics, the following relative uncertainties in the tagging efficiencies of jets of various flavours are assumed:
• 4% for b-and c-jets.
• 10% for u, d, s and gluon jets, where 'gluon' is now defined in such a way as to not include gluons splitting to charm or bottom jets. This definition yields a comparable mistagging rate to those for u, d and s-jets.
Heavy flavour b-and c-jets are treated identically, since they both have real secondary vertices and any systematic effect should be fully correlated. Light flavour jets have a higher systematic uncertainty because experience has demonstrated that the tagging rates for these jets are difficult to estimate. Even small oversights in the material traversed by a particle, and thus the degree of multiple scattering, can have significant impact upon the misidentification rate of light flavour jets.
In the all-hadron and di-lepton channels, the b-tagging uncertainties are taken into account by simply untagging 4% of the b-jets and by tagging a corresponding fraction of untagged Table 10 . Systematic uncertainties relative to final selection efficiencies (in %) for the semileptonic ttH channels. is the quadratic sum of all changes in a given row. The last two columns show the absolute uncertainty (in number of events) at the two working points loose and tight . The tt4j line is given in brackets because this particular background does not give reliable results since the systematical variation is based on only four events remaining after all selection criteria are applied. This, a conservative upper limit of 40% for tt4j as estimated from the other backgrounds, is used. b-jets to obtain the relative uncertainties downward and upward, respectively, in rates. The same procedure is applied for the mistagging rates. This is not possible in the semi-leptonic analysis where a complex likelihood method is applied to tag four b-jets simultaneously. In this case, there is no simple discriminator cut for each jet that can be passed or not. Thus, for the semi-leptonic channel, a different approach is utilized. First, the discriminator threshold required to obtain the tagging efficiencies used in the analysis is determined. Then, the b-tagging discriminator itself is shifted by a value corresponding to a shifted b-tagging working point. This modification can be applied at the very beginning of the analysis and is therefore easy to implement. The procedure is detailed in [3] . The estimation of the uncertainties is accomplished by simultaneously varying the discriminator for b-and c-jets according to the given percentages. The variation for light flavour jets is done independently. In both cases, the variation is performed 'upwards' and 'downwards', and the direction which gives the larger change in event yields is the one quoted in table 10 for the semi-leptonic channel. The change in final event numbers is also given at the two working points loose and tight . The relative uncertainties are calculated at the loose working points and it is assumed that the same uncertainties apply at the tight working point. This is justified by the fact that only the choice of the b-tagging working point differs between the two cases, and the mistagging efficiencies are roughly linear as a function of the b-discriminator cut. The propagation of the errors to the tight working point is necessary because of the small statistical significance of some of these calculations. For instance, only four events remain after all selection criteria at the loose working point in the tt4j sample, which leads to a relative statistical error of ∼ √ 4/4 = 50%. Obviously, the numbers obtained for this specific sample cannot be considered to be very meaningful. The statistical errors due to the finite sizes of data samples are given in table 4 for all samples in order to be able to judge the reliability of the numbers obtained. Fortunately, reliable numbers are available for all signal samples, and also for the tt1j, tt2j and ttbb and ttZ samples. From these samples, conservative estimations for tt4j are possible as indicated in table 10.
JES
An interesting observation is the fact that the impact of the 10% uncertainty in the light flavour mistagging rate is generally below 3%. This confirms the observation that a large Table 11 . Systematic uncertainties relative to selection efficiencies (in %) for the di-lepton ttH channel.
is the quadratic sum of all changes in the given row, excluding the statistical uncertainties (provided for comparison only).
also includes the anticipated 3% uncertainty in the luminosity which is the same for all samples. The last two columns show the absolute uncertainty (in number of events) at the two working points loose and tight . Table 12 . Systematic uncertainties relative to selection efficiencies (in %) for the all-hadron ttH channel. is the quadratic sum of all changes in the given row, with the exclusion of the statistical uncertainties (provided for comparison only). The ttH signal row corresponds to m H = 120 GeV. also includes the anticipated 3% uncertainty in the luminosity which is the same for all samples. The last two columns show the absolute uncertainty (in number of events) at the two working points, 1 portion of the misidentified ttN j events consist of events in which gluons split into real b-jets or a W boson decays to a charm jet. The analogous numbers for the all-hadron and di-lepton channels are given in tables 11 and 12.
The impact of the systematic uncertainties on the final significance is given in tables 13-15. Under the assumption that these systematic errors follow a Gaussian distribution, the error on the number of background events dB has to be included quadratically, so that the appropriate significance (σ ) is Table 14 . Significance of di-lepton channel before and after taking into account the uncertainty dB in the total number of background events due to systematics. The result is shown for two working points which correspond to different sets of criteria for number of jets and b-tagged jets, but assuming the same systematic uncertainties (as computed at the loose working point), for both. Table 15 . Significance of the all-hadron channel before and after taking into account the uncertainty dB in the total number of background events due to systematic uncertainties. The result is shown for the two different working points as described in section 6.3. Given the rather low anticipated significance values presented in tables 13-15, one can ask how precisely the backgrounds have to be known in order to reach a significance that would allow one to claim an observation of this channel. Figure 17 shows the behaviour of the significance as a function of the background uncertainty for the semi-leptonic channel. This figure also shows the uncertainty due to the theoretical knowledge of the background cross section which is varied by 20% up or down in the plot. The tight working point shows better results compared to the loose working point as soon as the background uncertainty reaches realistic values above 5%.
The uncertainty analysis presented above reflects current uncertainties on central values of such things as tagging rates. Once real data are available, control samples will allow the evaluation of the relevant quantities with smaller systematic uncertainties. Nevertheless, the main conclusion to be drawn from these studies is that the uncertainty in the background level will need to be much less than 10% before an observation of this channel is possible. This is an enormous challenge. For some backgrounds, such as light flavour mistags, results from the Tevatron experiments lead one to conclude that an uncertainty below 10% is achievable. At the LHC one can take advantage of the abundance of tt plus jets events as well as bb events obtained via the inclusive lepton trigger streams. However, for irreducible backgrounds such as ttbb this is not possible because the theoretical uncertainties on the cross section are currently estimated to be as high as 30-50%. Further improvement will therefore only be possible when the theoretical uncertainty is very substantially reduced by the inclusion of higher order corrections.
Combined significance
The event samples for the various channels studied in this note have no overlap and all of the analyses are 'counting experiments' therefore the individual results can be combined. Several approaches to combining significances have been investigated. The simplest approach is to add the individual signal and background yields of the three channels. This method is only optimal in the case where the event numbers are similar. Another simple approach would be to add the significances in quadrature.
An optimal combination is obtained via the more complicated likelihood method of Cranmer et al [27] . The significance values obtained by simply combining signal and background yields are compared to the results of the more optimal method of Cranmer in table 16 before and after inclusion of systematic uncertainties for the three Higgs mass hypothesis and for the loose and tight working points. In order to compare the behaviour of the combined significance with figure 17 , the method of adding event yields is used, which can be considered to be a sufficient approximation in this case. The solid central line in figure 18 shows the combined significance S/ √ B + dB 2 and how it degrades as a function of dB/B for both the loose and tight working points. The tight working points shown in the right-hand plot of figure 18 give the best results after inclusion of systematics.
Prospects for improvements
A number of possibilities to improve the results remain to be implemented and tested and generally rely on an improved understanding of the performance of the CMS detector and improvements in analysis tools. For example, CMS jet reconstruction algorithms are in their initial stages and are expected to improve substantially over time, particularly with the inclusion of tracking and muon detector information and taking into account the fine granularity of the electromagnetic calorimeter. To this end, an 'energy flow' project has been launched within CMS.
Additionally, during the operation of CMS, more complex triggers will likely be implemented. A dedicated ttH trigger could improve the signal selection efficiency significantly. For example, simply combining information about jets with single-lepton triggers would allow the lepton thresholds to be lowered to increase efficiencies.
Finally, and importantly, the exploitation of differences between signal and background event kinematics could be used to extract a clearer signal. However, current uncertainties in Monte Carlo event generation and detector modelling make it difficult to perform reliable performance estimates since small changes in any of the factors determining the final event characteristics can have a significant impact on distributions of kinematic variables. The important point to keep in mind, once again, is that the availability of large control samples from a wide variety of trigger streams will eventually enable fruitful use of event kinematics. One should not however underestimate the work and time required for such an endeavour.
Summary and outlook
A detailed Monte Carlo and full simulation study of the process ttH with H → bb has been performed in order to evaluate its discovery potential for an integrated luminosity of 60 fb −1 . The conclusions drawn from this analysis are substantially more pessimistic than those of previous studies [21, 22] , which claimed significances in excess of 5. This change in viewpoint is due to a greater degree of realism that was made possible by more advanced tools for event generation, detector simulation and physics reconstruction that were not available for previous studies. These tools make it possible to obtain reasonable estimates for systematic uncertainties. For example, mistagging of light flavour jets cannot be reliably estimated without a full detector simulation, based upon a relatively detailed material description of the apparatus, followed by an equally detailed track reconstruction program. Mistagging of light flavour jets in ttjj events thus proved to be a substantially more serious problem than had been foreseen in earlier studies that made use of parameterized b-tagging. On the other hand, it has been noted that the availability of large control samples of tt events should enable b-tagging of jets with high transverse energy to be very well understood at the LHC. This would enable more precise estimates, and further suppression, of light quark and charm jet tagging relative to b-tagging. Experience with real data will also improve jet reconstruction and energy measurements which will then enhance the efficiency of many of the techniques described in this note. On the other hand, irreducible backgrounds, such as ttbb, will remain a serious problem for the observation of ttH with H → bb until more precise calculations of the cross sections for these background processes are available. At present, the uncertainty in the production cross section for the irreducible ttbb background is estimated to be between 30%-50% [26] .
